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Objective: The current study was undertaken to adapt Equilibrium Partitioning of an Ionic Contrast agent
via microcomputed tomography (EPIC-mCT) to mouse articular cartilage (AC), which presents a particular
challenge because it is thin (w30 mm) and has a small volume (0.2e0.4 mm3), meaning there is only
approximately 2e4 mg of chondroitin sulfate (CS) glycosaminoglycan per joint surface cartilage.
Design: Using 6 mm isotropic voxels and the negatively charged contrast agent ioxaglate (Hexabrix), we
optimized contrast agent concentration and incubation time, assessed two methods of tissue preser-
vation (formalin ﬁxation and freezing), examined the effect of ex vivo chondroitinase ABC digestion on
X-ray attenuation, assessed accuracy and precision, compared young and skeletally mature cartilage, and
determined patterns of degradation in a murine cartilage damage model induced by treadmill running.
Results: The optimal concentration of the contrast agent was 15%, formalin ﬁxation was preferred to
freezing, and 2 h of incubation was needed to reach contrast agent equilibrium with formalin-ﬁxed
specimens. There was good agreement with histologic measurements of cartilage thickness, although
mCT over-estimated thickness by 13% (w5 mm) in 6-week-old mice. Enzymatic release of 0.8 mg of
chondrotin sulfate (about 40% of the total) increased X-ray attenuation by w17%. There was a 15%
increase in X-ray attenuation in 14-week-old mice compared to 6-week-old mice (P < 0.001) and this
corresponded tow65% decrease in CS content at 14 weeks. The older mice also had reductions of 33% in
cartilage thickness and 44% in cartilage volume (P < 0.001). Treadmill running induced a 16% decrease in
cartilage thickness (P ¼ 0.012) and a 12% increase in X-ray attenuation (P ¼ 0.006) in 14-week-old mice.
Conclusion: This technique enables non-destructive visualization and quantiﬁcation of murine femoral
AC in three dimensions with anatomic speciﬁcity and should prove to be a useful new tool in studying
degeneration of cartilage in mouse models.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Articular cartilage (AC) is an extracellular matrix-rich tissue
composed of a tensile network of collagens embedded in a revers-
ibly compressible polyanionic gel. Together with other minor
proteoglycan (PG) and protein components, the collagens and
chondroitin sulfate (CS)-substituted aggrecan complexes provide
the biomechanical properties required for weight bearing1. Mouse
models have become an essential tool to study cartilage degener-
ation mechanisms in osteoarthritis (OA)2e7. Whereas histological
scoring of the cartilage has been widely used7,8, the need too: D.R. Sumner, Department
al Center, 600 South Paulina
ates. Tel: 1-312-942-5501;
er).
s Research Society International. Pgeneratemore global measures of murine joint pathology has led to
the use of whole joint and mixed modality imaging7,9 and
ﬂuorescence-assisted carbohydrate electrophoresis (FACE)7.
Here, we extend the methods available for CS and morpholog-
ical quantitation in murine cartilages by validating and applying
Equilibrium Partitioning of an Ionic Contrast agent via micro-
computed tomography (EPIC-mCT). Brieﬂy, when an anionic
contrast agent, such as ioxaglate, diffuses into the AC, it is repelled
by the anionic charge of the aggrecan CS, resulting in a non-
homogenous distribution of the resulting X-ray attenuation
values so that AC thickness and volume and CS content and
distribution can be assessed10.
EPIC-mCT has the potential to provide both quantitative and
spatial distribution data for CS-aggrecan and cartilage morphology.
Thus, this method could be particularly useful for evaluation of
murine AC in joint disease models where lesions can be focal andublished by Elsevier Ltd. All rights reserved.
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mouse knee joint9, precluding the use of some other 3D imaging
modalities such as magnetic resonance imaging11. EPIC-mCT has
been used in small animal models, including AC visualization in
rabbits using both cationic12,13 and anionic10 contrast agents and in
rat models to assess femoral AC morphology14, and to quantify CS-
glycosaminoglycan (GAG) content15,16. Bovine cartilage examined
by EPIC-mCT has exhibited good correlations between attenuation
values and cartilage GAG content12,13,17e19.
The purpose of the present study was to validate the EPIC-mCT
method for the study of mouse AC. We ﬁrst addressed the technical
issues of contrast agent concentration, time to reach equilibrium,
method of tissue preservation, and repeatability. We then
compared ﬁndings of the newmethodwith established histological
and biochemical methods. Finally, we used EPIC-mCT to quantify
murine distal femur ACmorphology and composition in twomouse
models.
Methods
Mouse model
Male mice (C57Bl6) from an in-house colony were used in all
experiments. Themice weremaintained either at cage activity until
sacriﬁce or were subjected to enforced running for 2 weeks on
a Stoelting/Panlab treadmill (Barcelona, Spain) for 20min, at 34 cm/
s and an uphill elevation of 15, beginning at 12 weeks of age7. All
animal protocols were approved by our IACUC. A total of 88 femurs
from 83 mice were used in a series of eight experiments (Table I).
The femora were dissected carefully, adherent soft tissues were
removed and the bones were prepared for EPIC-mCT after either
brief storage in phosphate buffered saline treated with proteinase
inhibitor (PBS/PI) or preservation by freezing in PBS/PI or ﬁxing in
formalin, depending upon the experiment.
Enzymatic degradation of PG In situ
Distal femora were placed in 500 ml Eppendorf tubes containing
50 ml of freshly prepared 0.1 M ammonium acetate buffer, 7.4 pH, to
which 10 ml of chondroitinase ABC (Seikagaku America, 0.6 mU)
was added every 2 h. Digestions took place at 37C. CS (10 mg) and
hyaluronan (HA: 5 mg) standards (HPLC grade, Seikagaku America)
were also digested in the same volume of buffer for the sameTable I
Sample size and age distribution of the mice used in the experiments. With the
exception of the preservation method experiment, only one femur from each mouse
was used
Experiment Sample size
(number of femurs)
Age
(weeks)
Hexabrix concentration 5 6e8
Equilibrium time 3 (fresh)
5 (frozen)
5 (formalin ﬁxed)
14
Preservation method* 5 fresh, then frozen
5 fresh, then formalin
ﬁxed
6e8
Repeatability 10 14
Comparison with histology 5y (young)
4y (old)
6e8
14
Aging study 15 (young)
24 (old)
6e8
14
Enzymatic degradation 5y 14
Treadmill study 4 (cage control)
7 (treadmill run)
12
* Bilateral femora used.
y Subset of samples also used in the aging study.amount of time. The solutions were collected in micro centrifuge
tubes and dried by Speed Vac lyophilization overnight. The femurs
were washed twice with buffer, the released chondroitinase
products were ﬂuorotagged, 20% separating gels were made, and
electrophoresis was carried out to quantitate the amount of CS20.
Preparation of contrast agent and incubation
Ioxaglate (Hexabrix, Mallinckrodt Inc., St Louis, MO) solutions
were made fresh on the day of use and included protease inhibitors
(one tablet Complete Mini (Roche) per 10ml). Ioxaglate was diluted
in PBS, pH 7.4 to ﬁnal concentrations of either 15% (v/v) or 30% (v/v).
This contrast agent is slightly hypertonic (460 mOsm/l) with
respect to cartilage (w350 mOsm/l)10. The distal femur was placed
into 1 ml of the Hexabrix/PBS/PI solution in a 1.5 ml micro centri-
fuge tube which was secured in a water bath at 37C. In the
experiments for determining the length of time to reach equilib-
rium, the samples were periodically removed for scanning and
returned to the incubation solution. In all other experiments, fresh
and thawed samples were incubated for 30 min while formalin-
ﬁxed samples were incubated for 4 h.
mCT scanning
Adherent ﬂuid droplets were removed by gentle blotting and
the sample was ﬁxed with bone cement in a custom jig, which was
secured within a standard 12.3 mm diameter mCT holder. The
holder was covered with paraﬁlm to maintain humidity. The
samples were imaged in air using 6 mm isotropic voxels at 45 kVp,
177 mA and 300 ms integration time (Scanco mCT 40, Bassersdorf,
Switzerland) so that sagittal slices were obtained. A complete scan
required approximately 75 min. The images were ﬁltered with
a low pass Gaussian ﬁlter (sigma ¼ 1, support ¼ 0.8). Those speci-
mens that were subsequently examined by histology were placed
in PBS/PI solution for 1 h at 4C to allow the Hexabrix to desorb.
Image processing and determination of average attenuation values
The gray scale values were in the form of 16 bit numbers (216),
and the range obtained was 32768 to 32767. The negative values
exist because of detector noise and are not meaningful (www.
scanco.ch). The positive values were normalized by dividing by
32767 and thenmultiplied by 500, a convention consistent with the
work of previous investigators10,14,15. These values can be converted
to Hounsﬁeld Units as follows:
HU ¼ 24:1 ðgray scale valueÞ  1000
For each scan, approximately 500 images were reconstructed.
The images were manually contoured every 8e10 slices to isolate
a region of interest (ROI) containing the subchondral bone plate,
cartilage and the scanning medium (air). The manufacturer’s soft-
ware was used to contour the intervening slices using the morph-
ing function. Histograms of the attenuation values were obtained.
In trial scans, the Hexabrix concentration was varied until
a bimodal distribution of attenuation values was consistently
obtained to distinguish cartilage from bone and to determine the
average attenuation value of the cartilage. The average attenuation
values were obtained for 100 continuous slices from each ROI e
medial condyle, patellar groove and lateral condyle and from the
entire AC. In general the 100 slices spanned the ROIs with the
middle slice centered within the ROI, thereby obviating the need to
deﬁne the lateral and medial edges of the AC for each region, which
is somewhat arbitrary. For the entire AC, the analysis included all of
thew500 slices.
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To measure thickness and volume, the cartilage was segmented
by choosing global upper and lower thresholds. For 6-week-old
mice these thresholds were 110 and 330, respectively, and for 14-
week-old mice the thresholds were 140 and 350, respectively.
These differences were needed because of the age-associated loss
of PG content. The segmented images were analyzed using the
distance transformation function of the scanner software to
calculate AC thickness and volume21. The selected range for
segmentation of the AC did not exclude all surrounding calciﬁed
cartilage and marrow spaces within the ROI. To remove these from
the computations, 72 mm was selected as the upper limit for all
thickness and subsequent volume calculations, an assumption
supported by an analysis using a 66 mm upper limit in which the
average thickness measurement did not change (data not shown).
The thickness and volume measurements were obtained for the
individual ROIs as well as the entire cartilage.
Coefﬁcient of variation (CV)
The CV of duplicate scans was determined using a well-
established procedure22. Between scans, the samples were fully
repositioned.
Thickness measurements from histology
Samples were ﬁxed in 10% neutral buffered formalin made fresh
on the day of use, decalciﬁed in formic acid, parafﬁn embedded and
5 mm sagittal sections of each ROI were cut using a microtome
(Leica RM2025) and stained with Hematoxylin and Eosin to
emphasize the basophilic tidemark23. The contrast difference in
staining was used to establish the border between the non-calciﬁed
and calciﬁed cartilage. Using commercial software (Osteomeasure,
Atlanta, GA) the AC was manually contoured at 10, deﬁning it as
the region between the superﬁcial surface and the calciﬁed carti-
lage, and the average thickness was calculated.
Statistical analyses
All data sets were tested for normality using the ShapiroeWilks
test. Parametric two tailed tests (Student’s and paired t tests) were
performed with signiﬁcance level a ¼ 0.05 (SPSS 19, SPSS Inc.,
Chicago, IL). The Student’s t test was used when comparing samples
from different mice (e.g., aging and treadmill studies). The paired t
test was used when comparing repeated measurement of the same
sample (e.g., the preservation method experiment, validation
studies for measuring AC thickness and detecting PG content, and
the repeatability study), While 88 femurs from 83 mice were used,
in no casewere the left and right femurs from the samemouse used
as independent samples. Means and 95% conﬁdence intervals (CIs)
are reported. Power analyses of all the tests showing non-
signiﬁcant differences had very small effect sizes thus requiring
impractically large sample numbers to reach a power of 80% and
were interpreted to mean that if there actually were undetected
differences, they were not biologically important.
Results
Determination of Hexabrix concentration
Freshly dissected murine distal femora (n¼ 5 femora, from 6- to
8-week-old male C57Bl6 mice) were incubated for 30 min at 37C
in 30% Hexabrix/PBS/PI and then scanned by mCT. High attenuation
values in the cartilage made it impossible to segment the AC fromthe subchondral bone. The Hexabrix was desorbed from the spec-
imens by incubating in PBS/PI and the specimens were then incu-
bated for 30 min in 15% Hexabrix and re-scanned, inwhich case the
AC was easily segmented from the bone [Fig. 1(a)]. All subsequent
scanning was performed after incubation in 15% Hexabrix.
Determination of time to reach equilibrium
Femora (n ¼ 13 from 14-week-old mice) were used either fresh,
thawed (after preservation by freezing) or preserved by formalin
ﬁxation. These samples were scanned to establish baseline atten-
uation values and then incubated in 15% Hexabrix for various time
intervals with periodic scanning to determine the time required to
reach equilibrium [Fig. 1(b)]. The average attenuation values were
ﬁt to a curve of the form 1  A * exp (t/s) (Ezyﬁt 2.4 toolbox for
Matlab 7.9, The MathWorks, Inc.), where s is the time required to
reached 63% of the maximum attenuation. For this purpose, the
attenuation values were normalized to the maximum for that
experiment since the absolute values varied somewhat, depending
upon preservationmethod. For the fresh specimens, the s valuewas
6.7 min, and incubation for 30 min was sufﬁcient to reach equi-
librium. Similar results were obtained for samples that had been
preserved by freezing. For samples which had been ﬁxed in 10%
neutral buffered formalin, the s value was 24.3 min and the curve
reached a plateau by 2 h. We used 4 h of incubation time for these
samples.
Determination of effect of preservation method
To examine the effects of freezing and formalin ﬁxation on the
attenuation and morphology measurements, fresh femora (n ¼ 10
from 6- to 8-week-old mice) were incubated in 15% Hexabrix for
30 min, scanned, and the contrast agent was then desorbed. The
specimens were then either stored in PBS/PI at 20C for 7 days
(n ¼ 5), or ﬁxed in 10% neutral buffered formalin at 4C for 11 days
(n ¼ 5). Our assumption is that this difference in time in storage is
much less important than the method of storage because we
consider each to represent a short storage interval. Both groups of
samples were re-equilibrated with 15% Hexabrix (30 min for the
frozen samples and 4 h for the formalin-ﬁxed samples) and re-
scanned. Storage at 20C caused a 13% increase in the average
attenuation value of AC (P¼ 0.001), aw12% decrease in the average
thickness (P ¼ 0.023), and a w17% decrease in cartilage volume
(P ¼ 0.014) [Fig. 1(c)]. In contrast, storage of samples in formalin at
4C did not result in signiﬁcant differences in the average attenu-
ation value (P ¼ 0.339), average thickness (P ¼ 0.838) or volume
(P ¼ 0.584).
Validation of ability to measure AC thickness
Visual inspection of comparable mCT slices and histologic images
suggested good agreement between the two methods [Fig. 2(a)].
Histologic sections from decalciﬁed, parafﬁn-embedded samples
from a subset of mice used in the aging study (n ¼ 5 of the 6-week-
old mice and n ¼ 4 of the 14-week-old mice) were stained with
Hematoxylin and Eosin and thickness measurements were
obtained. The tidemark and the contrast difference in staining were
used to establish the border between the non-calciﬁed and calciﬁed
AC layers [Fig. 2(b)]. Although the mCT-based thickness measure-
ments tended to be slightly greater than the histologic measure-
ments, this difference was only signiﬁcant for the 6-week-old mice
when averaged over the entire cartilage [P ¼ 0.028, Fig. 2(c)]. In the
examination of the individual ROIs, the mCTmethod over-estimated
patellar groove AC thickness by w30% in the 6-week-old mice
(P < 0.001).
Fig. 1. Hexabrix concentration, incubation time, and preservation method and repeatability. (a) Frequency distribution of attenuation (gray scale) values when using 15% and 30%
concentrations of the contrast agent Hexabrix. With the 30% concentration, the cartilage peaks (left) and bone peaks (right) were much more difﬁcult to distinguish than with the
15% concentration. (b) Time to equilibrium. The contrast agent reached equilibrium in around 30e35 min in fresh (n ¼ 3) and frozen murine cartilage (n ¼ 5) and in around 4 h in
formalin-ﬁxed cartilage (n ¼ 5) incubated at 37C (15% Hexabrix concentration). (c) Preservation method. Following preservation by freezing, the average attenuation values
signiﬁcantly increased, and the cartilage thickness and volumes decreased, whereas no signiﬁcant changes were observed in the formalin-ﬁxed samples (means and 95% CIs,
*P < 0.05, **P < 0.01).
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To determine if the EPIC-mCT imaging method could be used to
detect loss of PG content from murine AC, freshly prepared femora
(n ¼ 5 from 14-week-old mice) were incubated in 15% Hexabrix,
scanned, desorbed, incubated with chondroitinase ABC for 30min at
37C, washed, incubated in 15% Hexabrix, and re-scanned. Attenu-
ation values increased in the medial condyle by 19% (P < 0.001),
patellar groove by 24% (P ¼ 0.001) and the lateral condyle by 22%
(P ¼ 0.009) and by 21% when averaged over the entire cartilage
(P ¼ 0.001) (Fig. 3). Using FACE20, the median release of CS from
the femur was 0.8 mg. Thus, a 21% increase in the attenuation value
was associated with the release of 0.8 mg CS into the medium.
Determination of repeatability (precision) of EPIC-mCT in murine AC
Fresh femora from 14-week-old mice (n ¼ 10) were, incubated in
15% Hexabrix for 30 min, scanned, removed from the scanner and
desorbed in PBS/PI overnight. The next day they were re-incubated
in 15% Hexabrix, repositioned and then re-scanned. The CV for
attenuation, thickness and volume from the duplicate scans varied
between 5% and 11% (Table II). When the ROI was restricted to
a particular anatomic location, the CVs for the attenuation valuesremained relatively low (4e6%), but the CVs for thickness andvolume
increased to as high as 16%. There was no evidence of systematic bias
as paired t tests performed with Bonferroni correction for adjusting
the Type I error, showed no signiﬁcant differences between the ﬁrst
and second trials for attenuation values, thicknesses or volume
for anyof the individual ROIs (medial condyle, patellar groove and the
lateral condyle) or when calculated for the entire AC.
AC properties in mice of different ages
EPIC-mCT imaging was used to compare properties of murine AC
from growing 6- to 8-week (n ¼ 15) and skeletally mature 14-week
(n ¼ 24) mice. Femoral AC from 14-week-old mice had 15% higher
attenuation than AC from 6-week-old mice [P < 0.001, Fig. 4(a)]. To
validate the inverse relationship between the attenuation values
and the PG content of the cartilage, samples from both age groups
were digested using chondroitinase ABC for 8 h. Quantitation of CS
release using FACE analyses showed less release from the 14-week-
old mice (1.1 mg/femur, 95% CI ¼ 0.83e1.50) compared to the 6-
week-oldmice [mean¼ 3.3 mg/femur, 95% CI¼ 1.80e4.70, Fig. 4(b)].
The increased attenuation shown by EPIC-mCT accompanied by the
decrease in the CS release quantiﬁed using FACE, as a function of
aging, implies that PGs were lost with age, which was corroborated
Fig. 2. Comparison of EPIC-mCT and histology. (a) A virtual mCT slice and a corresponding Safranin O stained histology section (scale bar indicates 1 mm). (b) Decalciﬁced,
Hematoxylin and Eosin stained sections were used to measure AC thickness. These sections illustrate a reduction in cartilage thickness with age (scale bar indicates 0.1 mm). The
inserts show the tidemark (indicated by arrowheads) which represents the border between the calciﬁed and the non-calciﬁed AC (scale bar indicates 0.05 mm). (c) The thickness
measurements as assessed by EPIC-mCT and histology (means and 95% CIs, *P < 0.05).
Fig. 3. Effect of chondroitinase ABC digestion. Attenuation values obtained for pre and
the post 30 min digestions were signiﬁcantly different in the medial condyle, the
patellar groove, the lateral condyle and when averaged over the entire cartilage
(**P < 0.01, ***P < 0.001, means and 95% CIs).
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compared to the 6-week specimens [Fig. 4(c)].
Generation of 3Dmaps showed thicker AC on both the lateral and
medial condyles aswell as the patellar groove of the 6-week-oldmice
compared to the 14-week-old mice [Fig. 5(a)]. The quantitative dataTable II
CV for repeated scans
Attenuation
(%)
Thickness
(%)
Volume
(%)
Medial condyle 5.4 15.4 15.7
Patellar groove 4.3 13.4 12.2
Lateral condyle 5.9 11.3 10.1
Entire cartilage 5.2 10.9 10.1
Fig. 4. Aging study e composition. (a) Comparisons between the average attenuation
values of the AC of 6 (n ¼ 15) and 14 (n ¼ 24) weeks old mice showed signiﬁcant
differences (***p < 0.001, means and 95% CIs). (b) FACE analysis showed that signiﬁ-
cantly less CS was released after 8 h chondroitinase ABC digestions in the 14-week-old
mice than in the 6-week-old mice (**P < 0.01, means and 95% CIs). (c) Safranin O
stained sections from the lateral condyle showed decreased staining in the 14-week-
old sample indicating the loss of GAG as compared to the 6-week-old sample (scale bar
indicates 0.1 mm).
Fig. 5. Aging study e structure. (a) The 3D thickness maps of the morphology of the AC for th
denote 1 mm, L: Lateral Condyle, M: Medial Condyle, Ca: Caudal, Cr: Cranial). (b) There were
age group as compared to the 6-week-old mice (***P < 0.001, means and 95% CIs).
N. Kotwal et al. / Osteoarthritis and Cartilage 20 (2012) 887e895892from EPIC-mCT showedw33% thinner AC (P < 0.001) andw44% less
total volume (P < 0.001) in the 14-week-old mice compared to the
6-week-oldmice for the entire cartilage [Fig. 5(b and c)] with similar
magnitude differences in the individual ROIs (data not shown).
AC properties in mice with running-induced cartilage damage
To test the ability of the EPIC-mCT method to detect AC damage
in an in vivomodel known to cause degradation of AC7,24, 12-week-
old mice were subjected to daily treadmill running for 2 weeks and
cartilage attenuation values and morphology were compared to
mice maintained at cage activity only. The mechanical overuse
induced a signiﬁcant increase in the attenuation values in the
patellar groove (15%, P¼ 0.002), the lateral condyle (13%, P¼ 0.012)
and the entire cartilage (12%, P ¼ 0.006) [Fig. 6(a)]. The increase in
the attenuation values implies a loss of PGs due to the treadmill
running, which was consistent with histological observations of
decreased Safranin O staining in the treadmill run mice when
compared to the cage controls [Fig. 6(b)].
3D thickness maps obtained from EPIC-mCT imaging demon-
strated good correspondence with macroscopic images used to
detect regions of cartilage loss [Fig. 7(a)]. Thus, both methods
detected the localized cartilage thinning on the lateral condyle
[solid ellipses in Fig. 7(b)] and patellar groove (dashed ellipses)
induced by treadmill overuse, compared to the caged control
[Fig. 7(c)]. The overuse treatment resulted in localized decreases of
average cartilage thickness, including a 20% reduction in the
patellar groove (P ¼ 0.020), and an 18% reduction on the lateral
condyle (P ¼ 0.029), and a decrease of 16% in thickness for the
entire cartilage surface [P ¼ 0.012, Fig. 8(a)]. The data also showed
that cartilage volume was reduced in the patellar groove by 25%
(P ¼ 0.003) and for the entire cartilage by 15% [P ¼ 0.017, Fig. 8(b)].
Discussion
We found that EPIC-mCT can be used to measure the thickness,
volume and CS content of murine AC. Previous work in rats ande 6- and the 14-week-old mice showed thicker cartilage in the younger mice (scale bars
signiﬁcant decreases in the average thickness and the total volume of the AC of 14-week
Fig. 6. Treadmill study e composition. (a) In the treadmill study, localized calculations
involving the patellar groove and lateral condyle and calculations for the entire
cartilage showed signiﬁcant differences between the experimental groups (*P < 0.05,
**P < 0.01, means and 95% CIs). (b) Safranin O stained sections showed decreased
staining and apparent thinning of the cartilage in the treadmill run animals (bottom
panel) compared to the cage controls (top panel). Scale bar denotes 0.1 mm.
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specimens with average cartilage thickness of 150 mm or greater,
and the present study shows that the method can be extended to
mouse femoral AC which has an average thickness ofw30 mm. WeFig. 7. Treadmill study e 3D imaging. (a) India Ink images of the cartilage morphology of m
sponding 3D reconstructions of the cartilage thickness, indicating thinning of the cartilag
treadmill run group. (c) 3D reconstructions of the control cartilage (scale bars represent 1had to adjust some specimen preparation parameters, including
reducing the concentration of the contrast agent Hexabrix to 15%
from the 40% as used for rat and rabbit AC10,14,15. Furthermore, we
found that specimens should be stored in 10% neutral buffered
formalin rather than frozen if there is a delay between tissue har-
vesting and analysis.We imagedwith the smallest voxel size (6 mm)
available on the laboratory scanner used in this study because the
rule of thumb is that at least ﬁve pixels (or ﬁve voxels for 3D
measurements) are required to span the structure of interest to
provide accurate measurements. Thus, for the 30 mm thick murine
AC, it is likely that voxels larger than 6 mmwould not be sufﬁcient.
The smallest voxel size used in EPIC-mCT to date had been 16 mm for
a study of rat AC14, followed by 21 mm and 36 mm voxels in rabbit
AC10,12. Because of the much smaller volume of tissue sampled in
each 6 mmvoxel (5% of the volume sampled by a 16 mmvoxel), at the
onset of the study it was not clear that there would be sufﬁcient
signal to make accurate measurements. Our results indicate that
there is sufﬁcient information in 6 mm isotropic voxels to allow
measurement of morphology and CS content.
Although another study found that formalin ﬁxation lowers the
attenuation values compared to scanning fresh25, we found no
difference in our study in which ﬁxation and storage were in
formalin. Indeed, although the time to equilibrium for the formalin-
ﬁxed samples was nearly four times that of the fresh samples, we
found similar average attenuations of the fresh and the ﬁxed
cartilage. There were several differences between the two studies,
including species (bovine vs mouse), inherent cellularity, and
sample preparation (osteochondral plugs vs intact joint surface),
and length of time stored in formalin (48 h vs 264 h). It is not clear
which, if any, of these factors might explain the different ﬁndings.
Our study also suggests that formalin ﬁxation is preferable to
freezing for mouse samples. The increased attenuation (loss of CSice subjected to treadmill running, with boxed regions indicating erosion. (b) Corre-
e of the lateral condyle (solid ellipse) and the patellar groove (dashed ellipse) in the
mm, L: Lateral Condyle, M: Medial Condyle, Ca: Caudal, Cr: Cranial).
Fig. 8. Treadmill study e structure. (a) There was decreased thickness in the patellar groove, lateral condyle and when averaged over the entire cartilage (*P < 0.05, means and 95%
CIs). (b) Cartilage volume was decreased in the patellar groove and when summed over the entire cartilage (*P < 0.05, **P < 0.01, means and 95% CIs).
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freezing could be due to ice crystal formation26.
Repeatability was established by determining that the CV was
between 5% and 11% for attenuation, thickness, and volume of the
entire murine AC, but this increased to 15% for the thickness and
volume calculations for individual ROIs. The later variability may be
explained by slight differences in specimen positioning during
scanning, which becomes more apparent when localized ROIs are
analyzed. Other factors which may contribute to precision error
include intrinsic machine variation and the limits imposed by using
6 mm isotropic voxels to measure a structure that is only 30 mm
thick. Further, we assessed the repeatability using femoral mouse
cartilage from 14-week-old mice and it is likely that the use of
younger mice, which have thicker cartilage and more PG content,
would yield improved precision values. The application of the
method to rat cartilage, in which the AC was approximately 10
voxels thick, yielded CVs in the range of 1.7e2.5%14, as opposed to
our study where the AC was approximately ﬁve voxels thick. The
newest generation laboratory scanners, which are just now coming
on the market, have smaller voxel sizes and it is possible that
precision for mouse AC can be improved.
At most sites, we found good agreement between the EPIC-mCT
and histologic measurements of cartilage thickness. However, at the
patellar groove AC thickness was over-estimated by the mCTmethod.
It is not clear why this particular anatomical sitewasmore difﬁcult to
image, although it is worth noting that even a one voxel difference in
thickness represents roughly a 20% difference in thickness at this
anatomic site. Another potential limitation of the method is that the
samples might tend to dry out during the lengthy scan times
(w75min).Asa counter-measure,we sealed the tubesusingparaﬁlm.
Age-related changes in mouse AC, which had previously been
characterized histologically27,28, were quantiﬁed by the EPIC-mCT
method described here. The 15% increase in attenuation valuesassociated with the 65% decrease in PG content in the aging study
was consistent with the inverse relationship between mCT attenu-
ation values and PG content found by previous authors in much
larger cartilage volumes14,15. Our ﬁndings of a 21% increase in
attenuation following enzymatic digestion are similar inmagnitude
to the 14% increase reported for rat AC15. We found that the change
in attenuation was associated with the release of 0.8 mg of CS per
distal femur. The observed 33% decrease in thickness and 44%
decrease in volume in 14-week-old mice compared to 6-week-old
mice are in general agreement with age-related changes in rat AC14.
Three-dimensional renderings allowed for visualization of AC
thickness and were consistent with two-dimensional whole joint
macroscopic imaging24. Importantly, however, in addition to
localizing regions of AC damage, the three-dimensional data sets
enabled precise quantitative comparisons of cartilage thickness,
volume, and CS content. Thus, EPIC-mCT represents a rapid, repro-
ducible, and sensitive non-destructive 3D imaging method to
visualize and quantitate murine knee joint AC, implying that there
is now an improved potential to understand the relationships
between bone and cartilage changes in models of joint
degeneration.
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